Data from the Hudson River estuary demonstrate that the tidal variations in vertical salinity stratification are not consistent with the patterns associated with along-channel tidal straining. These observations result from three additional processes not accounted for in the traditional tidal straining model: 1) along-channel and 2) lateral advection of horizontal gradients in the vertical salinity gradient and 3) tidal asymmetries in the strength of vertical mixing. As a result, cross-sectionally averaged values of the vertical salinity gradient are shown to increase during the flood tide and decrease during the ebb. Only over a limited portion of the cross section does the observed stratification increase during the ebb and decrease during the flood. These observations highlight the three-dimensional nature of estuarine flows and demonstrate that lateral circulation provides an alternate mechanism that allows for the exchange of materials between surface and bottom waters, even when direct turbulent mixing through the pycnocline is prohibited by strong stratification.
Introduction
Density stratification has a dominant influence on vertical mixing in estuaries and thereby has significant consequences for a wide array of estuarine processes. It plays a leading-order role in controlling the strength of the residual estuarine circulation (Hansen and Rattray 1965) , impacts primary productivity by controlling the amount of time phytoplankton is retained in the photic zone (Lucas et al. 1998) , modulates subpycnocline dissolved oxygen levels (Officer et al. 1984) , and controls the transport of suspended particulate matter (Geyer 1993) . Therefore, understanding the physical mechanisms that regulate vertical density stratification in estuaries is important to better understanding the biological and physical dynamics of these systems.
The influence of density stratification on turbulent mixing in estuaries has been clearly documented through field observations. Peters (1997) and Peters and Bokhorst (2000) documented intense turbulent mixing in the bottom boundary layer that was capped by the overlying density stratification. Only when the water column became well mixed did the boundary-generated turbulence extend throughout the water column. Trowbridge et al. (1999) found that the local departure from the law of the wall relationship was greater than expected based on the local stratification and concluded that the suppression of the turbulent length scale from the overlying stratification limited turbulent mixing in the underlying boundary layer. These studies clearly demonstrate that both the vertical location and intensity of vertical density stratification play an important role in governing turbulent mixing in estuaries.
At tidal time scales, variations in vertical salinity stratification are usually assumed to be dominated by the interaction between the along-channel salinity gradient and the vertical shear in the along-channel velocity, a process known as tidal straining (Simpson et al. 1990 ). This process tends to favor the development of stratification during ebb tides and the destruction of stratification during the flood. The variations in stratification attributed to this mechanism have been shown to lead to significant tidal asymmetries in turbulent mixing (Jay and Smith 1990; Nepf and Geyer 1996; Stacey et al. 1999; Geyer et al. 2000; Rippeth et al. 2002; Simpson et al. 2005; Stacey and Ralston 2005; Chant et al. 2007 ). Significant attention has focused on the role that tidal asymmetries in turbulent mixing have on the creation of the tidally averaged estuarine circulation (Jay and Musiak 1994; Stacey et al. 2001; Scully and Friedrichs 2007; Burchard and Hetland 2010) . These studies suggest that the circulation driven by tidal nonlinearities in mixing is equally, if not more, important than the more traditionally assumed baroclinically driven flow.
Implicit in most of these studies is the assumption that stratification is larger during the ebb phase of the tide than during the flood. This assumption assumes that vertical gradients in the horizontal salinity gradient are weak (or equivalently that the horizontal gradients of stratification are weak) and ignores the role of lateral circulation. However, all stratified estuaries must have some vertical variation in the longitudinal salinity gradient to satisfy the requirement of well-mixed conditions upstream from the head of salt. This is most apparent in strongly stratified salt wedge estuaries, where the length of the salinity intrusion is often comparable to the tidal excursion. In such systems, along-channel advection of the salinity structure contributes to tidal variations in stratification at first order (Giddings et al. 2011) .
The role of lateral processes in controlling stratification in estuaries also has been largely ignored. This is surprising given that the full three-dimensional nature of flows has long been recognized to play an important role in along-channel dispersion (Taylor 1954; Aris 1956; Elder 1959; Fisher 1976) . Only recently has the role that lateral circulation plays in controlling stratification in an estuary been directly addressed. Lacy et al. (2003) demonstrated that strong lateral density gradients interact with the lateral circulation they generate to play an important role in governing vertical density stratification in northern San Francisco Bay. Their results demonstrate that lateral circulation can provide a mechanism for generating stratification during the flood tide and that this process has significant impact on the timing and intensity of turbulent mixing. Scully and Friedrichs (2007) demonstrated that the classic pattern of longitudinal tidal straining held at a location in the deepest portion of the estuarine cross section but that shallower adjacent regions demonstrated the opposite pattern, with greater stratification during flood than during ebb tide. They inferred that the timing and intensity of turbulent mixing exhibited significant variability because of the tidal and lateral variability in stratification. These results suggest that along-estuary tidal straining does not adequately represent the tidal variations in stratification and that lateral processes can play an important role in the control of stratification and mixing.
In this paper, we use observations collected from the Hudson River estuary to demonstrate that the tidal variability in stratification is more complicated than the traditionally assumed model of along-channel tidal straining. Advection of both along-and across-estuary gradients in stratification, transverse tidal straining, and asymmetries in tidal mixing all contribute significantly to the tidal evolution of estuarine stratification. As a result, large regions of the estuarine cross section exhibit tidal variations in stratification that are opposite of that predicted by longitudinal tidal straining. These data demonstrate the three-dimensional nature of estuarine stratification and highlight the importance of lateral transport processes to vertical exchange in estuaries. The field experiment and analytical methods are described in section 2. The results are presented in section 3, including a detailed description of the spatial and temporal patterns of stratification and circulation, evaluation of the relative roles of horizontal straining and advection of stratification, and the role of turbulent mixing. This is followed in section 4 by a discussion of the implications that the observed patterns in stratification and turbulent mixing have on vertical exchange in stratified estuarine systems.
Methods

a. Hudson River field experiment, October 2006
A 5-day experiment was conducted on the Hudson River during October 2006, during spring tides and elevated river discharge conditions (~900 m 3 s
21
). The experiment focused on a region 20 km up estuary from the Battery in Manhattan, New York (Fig. 1) . A combination of both moored instrumentation and shipboard observations were collected during the experiment. The moored instrumentation consisted of a bottom-mounted acoustic Doppler current profiler (ADCP) and profiling conductivity-temperature-depth (CTD) winch, which were both deployed in approximately 8 m of water halfway between the deepest portion of the channel and the western shore (Fig. 1) . The ADCP was an RD Instruments 1200-kHz broadband workhorse that sampled every 2 s, recording data in 25-cm bins. The ADCP provided vertical profiles of velocity for the first 3 days of the experiment. The CTD profiling system consisted of a bottom-mounted winch connected to a Seabird Electronics SBE-19 CTD. The winch released the CTD every 30 min, allowing it to ascend buoyantly to the surface. Once at the surface, the bottom-mounted winch retrieved the cable completing the vertical cast.
To complement the moored instrumentation, 4 consecutive days of shipboard observations were collected from the R/V Tioga and R/V Mytilus. The R/V Tioga deployed the Mobile Array for Sensing Turbulence (MAST). The MAST is a 10-m rigid pole that is deployed vertically from a crossbar that mounts across the bow of a research vessel (for details, see Geyer et al. 2008) . For this experiment, the MAST contained sox vertically adjacent instrument brackets with three collocated sensors: 1) a Sontek acoustic Doppler velocimeter (25 Hz); 2) a Seabird Electronics SBE-7 microconductivity probe (300 Hz); and 3) an RBR CTD sensor (6 Hz). The fast-response microconductivity probes (SBE-7s) did not function properly during this experiment and will not be discussed. In addition to the MAST, the R/V Tioga also had a downward-looking 1200-kHz ADCP that sampled every 2 s with a bin spacing of 25 cm.
The R/V Tioga employed two different modes of operation over the four days. On 21 and 23 October, the Tioga occupied a fixed anchor station located on the western shoal immediately adjacent to the moored instrumentation (Fig. 1) . During the fixed anchor station deployments, a three-point mooring maintained the vessel position, facing into the along-channel flow. On each day, the fixed anchor station was occupied for 13 h and the vessel was repositioned after 6 h, when tidal currents reversed. On 22 and 24 October, the MAST was used to occupy six laterally adjacent stations spanning the estuarine cross section. At each station, the Tioga held position for 5 min, facing into the along-channel current. During peak tidal currents, the vessel could hold a relatively fixed position over ground. However, during weak tidal currents, the vessel had to move forward over ground in order to maintain steerage. The lateral stations were occupied sequentially, with repeated surveys conducted approximately every hour for a complete tidal cycle (;13 h).
The R/V Mytilus provided high-resolution axial and lateral CTD surveys. On 21, 23, and 24 October, the Mytilus occupied the stations indicated on Fig. 1 , collecting CTD profiles. The axial stations were occupied sequentially, followed by the lateral transect with a repeat interval of approximately 1 h, providing relatively high-resolution characterization of the estuarine density field. To characterize the larger-scale estuarine salinity field, the R/V Mytilus conducted a slack water longitudinal survey along the deepest portion of the channel 
b. Data analysis
The analysis in this paper employs a right-hand coordinate system with the x axis directed along the main channel of the estuary where positive along-channel flow u is defined as flood directed. The y axis is horizontally orthogonal to the along-channel axis, with positive transverse flow y directed toward the west. Vertical flow w along the z axis is positive upward, and z 5 0 corresponds to the tidally averaged position of the sea surface.
Using this coordinate system and neglecting the horizontal divergence in turbulent salt flux, the equation for conservation of salt S can be written as
The terms on the right-hand side are along-channel advection, lateral advection, vertical advection, and the divergence in the vertical turbulent salt flux, respectively. The angled brackets and primes are used to indicate Reynoldsaveraged and turbulent fluctuations, respectively. Taking the vertical derivative of (1) provides an equation that describes the evolution of the vertical salinity gradient,
Vertical differentiation of the horizontal advective terms in Eq.
(1) result in two terms: 1) the straining term, which represents the interaction between vertical shear and horizontal salinity gradients (terms B and D), and 2) the horizontal advection of the vertical salinity gradient (terms C and E). Horizontal advection of stratification occurs when there are horizontal gradients in ›S/›z. Vertical velocities also alter the local value of ›S/›z, either by compressing or expanding the vertical salinity gradient (term F) or through vertical advection of vertical gradients in ›S/›z (term G). Finally, stratification can be reduced through turbulent mixing (H). The traditional model for along-channel tidal straining only accounts for one of the six advective terms in Eq. (2): term B. A primary goal of this paper is to evaluate the relative importance of both longitudinal and lateral straining, as well as the importance of horizontal advection of stratification. This will be done using the moored ADCP data in conjunction with vessel surveys. To provide simultaneous estimates of both the longitudinal and lateral salinity gradients, data collected at each adjacent station were interpolated in time to match the sample time of the central station (the ADCP location). The data from each CTD cast were interpolated to match the fixed vertical coordinates of the moored ADCP data, accounting for the changes in tidal elevation. These data will be used to quantify the first four terms on the righthand side of Eq. (2). Because of the time variations in sea surface height and the loss of near-surface ADCP data due to side-lobe contamination, the terms in Eq. (2) could not be estimated very near the surface. Further, the depth of the shallowest laterally adjacent CTD station (;6 m) limits the depth to which the lateral salinity gradient can be estimated. As a result, no estimates of the lateral advective terms are available for the region 1.5-2 m above the bed (mab). Velocity data near the bed also are limited because the lowest bin of ADCP is roughly 1 mab. The vertical velocity measurements from the ADCP were not of sufficient quality to resolve the vertical advective terms in (2), and direct estimates of turbulent salt flux were not available. It is important to note that most of the terms in Eq. (2) involve measurements of velocity and salinity collected from different instrument platforms. The instruments were not precisely collocated, and most terms involve spatial derivatives obtained from finite differencing. As a result, there are significant uncertainties inherent in these observations, and the results should be viewed as order of magnitude estimates of the terms.
The data from the MAST are used to examine the influence of stratification on turbulent mixing. The MAST provides highly resolved estimates of the gradient Richardson number (Ri),
where N 2 5 2(g/r 0 )(›r/›z). Estimates of Ri were based on 5-min averages of the observed velocity and density fields. For an estuarine flow, 5 min is long compared to the generation time scale of turbulence but short enough to be considered steady relative to the tidal acceleration. Data from the MAST also were used to calculate the dissipation rate « of turbulent kinetic energy (TKE) following the methodology outlined in Scully et al. (2011) . This method involves fitting a theoretical spectrum to the vertical velocity spectrum and is analogous to the inertial dissipation method (Grant et al. 1984) , with the advantage that contamination due to instrument noise is effectively removed (for details, see Scully et al. 2011) . Turbulence measurements from the MAST are used to estimate the relative importance of turbulent mixing to the observed evolution of stratification.
Results
a. Salinity stratification
The bottom-mounted profiling CTD provided a time series of top-to-bottom salinity stratification over the duration of the experiment (Fig. 2) . Large changes in stratification are observed at tidal time scales, ranging from nearly well mixed to top-to-bottom differences of nearly 6 psu. In general, the stratification decreases throughout the ebb and increases during the flood, with values of maximum stratification usually observed at the end of the flood tide. To examine the progression of vertical salinity profiles through the tidal cycle, all of the profile data were averaged as a function of tidal phase (Fig. 3) . During the flood, the bottom layer gets progressively saltier and the near-bed well-mixed region grows slightly in the vertical. However, the surface salinities do not increase as rapidly and the overall stratification increases throughout the flood. At the beginning of the ebb tide, strong stratification from the previous flood tide is observed. However, this stratification decreases rapidly, particularly during the second half of the ebb tide.
The profiling CTD provides a highly resolved time series, but only at one location in the estuarine cross section. Data from the lateral CTD surveys provide the lateral structure of the salinity field as it evolves over the tidal cycle (Fig. 4) . During the early stages of the flood tide, the salinity stratification is largely located over the deeper channel areas, with lower values of top-tobottom salinity difference observed over the western shoal. As the flood tide progresses, stratification near the bed in the deep channel areas is reduced, but the pycnocline is intensified over the western shoal and higher in the water column over the deep channel. During the early stages of the flood tide, the lateral distribution of salinity is consistent with the pattern expected because of lateral differential advection (Nunes and Simpson 1985) . However, as the flood tide progresses, the halocline tilts downward to the east, consistent with the expected response via thermal wind, reversing the lateral salinity gradient. At the beginning of the flood tide, there is a lateral gradient in stratification, with regions of strong 
stratification located over the deeper channel. As the flood tide progresses, the stratification over the western shoal intensifies. This increase in stratification over the western shoal is consistent with lateral advective processes, which may provide a mechanism for the increased stratification observed by the profiling winch during flood tides throughout the experiment. At the beginning of the ebb tide, the strong stratification over the shoal remains and there is a relatively well-mixed near-bed region near the bed in the channel. During the ebb tide, the strong stratification over the western shoal is rapidly reduced, whereas the stratification increases slightly over the near-bed region in the deep channel. These data are not consistent with the traditional model of tidal straining: the cross-sectionally averaged value of N 2 generally increases during the flood and decreases during the ebb (Fig. 4) . Only in the bottom boundary layer of the deep channel is the stratification observed to increase during the ebb and decrease during the flood. The shoal region exhibits the greatest changes in stratification over the tidal cycle, increasing by over a factor of 5 during the flood tide. This large increase in stratification that is generated during the flood is largely erased during the following ebb tide.
b. Tidal circulation
The CTD surveys suggest that one potential mechanism driving the restratification over the western shoal during the flood tide is lateral circulation. The lateral surveys with the ship-mounted ADCP provide a detailed view of the spatial distribution of both the along-and across-channel circulation (Fig. 5) . Data for maximum flood and maximum ebb are plotted separately using the data collected on 24 October. During the flood tide, there is pronounced lateral shear in the along-channel flow, and the across-channel flow is vertically sheared with strong near-bed velocities direct toward the western shore (;0.15 m s
21
). The two-layer lateral flow is intensified in the transition region in between the deeper channel and adjacent shoal. In contrast, the lateral flow during the ebb is significantly reduced and exhibits a more complex three-layer structure. This asymmetry in the strength of the lateral flow has been noted in both idealized estuarine modeling simulations (Lerczak and Geyer 2004) , as well as in previous modeling studies of the Hudson River (Scully et al. 2009 ). These previous studies demonstrate that the lateral momentum balance is largely geostrophic at tidal time scales, and the enhanced lateral circulation observed during the flood tide occurs when differential advection of the alongchannel salinity gradient breaks the thermal wind balance. Although the data collected in this experiment are not sufficient to adequately characterize the lateral momentum balance, the general patterns are consistent with these previous studies.
The bottom-mounted ADCP demonstrates that the tidal asymmetry in the lateral flow is a persistent feature over the shoal location (Fig. 6) . Over the entire deployment, strong lateral flows develop during the second 
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half of the flood tide, with flow near the bed directed to the west and flow near the surface directed to the east, consistent with bottom Ekman dynamics. The sense of the vertical shear in the lateral flow reverses during the early ebb but is reduced somewhat in magnitude. As seen in Fig. 4 , there is a strong lateral gradient in stratification at slack before flood. As the flood tide progresses, the strong lateral flow provides a mechanism for advecting stratified water from the channel onto the western shoal. The location of where the pycnocline intersects the bottom can be thought of as a bottom salinity front, separating the more stratified water in the channel from the less stratified water on the shoal. As the flood tide progresses, this near-bed front advances westward across the shoal region and, as a result, the lateral advection of stratification (term E) acts to increase stratification at this location.
c. Along-channel salinity structure
The observations presented above demonstrate strong lateral circulation and strong lateral gradients in both salinity and stratification, suggesting that lateral processes may play an important role in the evolution of stratification. The slack water along-channel survey conducted on 22 October also demonstrates significant along-channel variability in stratification (Fig. 7) . The region up estuary from the instrumented cross section generally has less top-to-bottom salinity stratification as compared to the more stratified down-estuary region. As a consequence of this spatial variability, the along-channel advection of stratification acts to reduce stratification during the ebb and increase stratification during the flood. Thus, the advection of stratification appears to be acting in opposition to the tidal patterns favored by along-channel straining. Although the alongchannel salinity field in Fig. 7 is approximately synoptic with respect to tidal phase, this structure may be significantly modified during the tidal cycle. To quantify the relative importance of both the straining and advection terms in the longitudinal and lateral direction, we use the intensive tidal cycle CTD surveys in conjunction with the moored ADCP data.
d. Estimates of the advective and straining terms
The CTD surveys and moored ADCP provide the data necessary to quantify both the horizontal straining terms and the horizontal advection of stratification at the central instrument location. Consistent with the measurements collected by the profiling CTD, the survey data show that depth-averaged value of ›S/›z generally increases during the flood and decreases during the ebb (Fig. 8a) . To examine the processes responsible for these variations, vertical profiles of the horizontal straining and advection terms in Eq. (2) are plotted (Figs. 8b,c) , averaged separately over the flood and ebb tides. As expected, along-channel straining (term B) acts to increase and decrease ›S/›z throughout the water column on ebb and flood tide, respectively. During the flood tide, the longitudinal advection of ›S/›z (term C) acts to increase ›S/›z over the lower half of the water column and decrease ›S/›z near the surface. The longitudinal advection term is larger and has the opposite sign from the straining term over the lower half of the water column. Higher in the water column, longitudinal advection augments longitudinal straining. During the ebb tide, along-channel advection brings less stratified water from up estuary, acting to decrease ›S/›z through most of the water column.
During the flood tide, the lateral straining term (term D) is positive near the surface and near the bottom but switches sign in the middle of the water column. In a depth-averaged sense, the longitudinal straining and lateral straining terms are of the same order of magnitude. Early in the flood, the water in the channel is saltier than over the shoal. However, as the flood tide progresses, the halocline tilts downward toward the west, consistent with the thermal wind response to the vertical shear in the along-channel flow. This reverses the salinity gradient in the middle water column and combined with the strong vertical shear in the lateral flow acts to reduce ›S/›z in the middle portion of the water column during the flood tide. Both the vertical shear in the lateral flow and lateral salinity gradient switch sign during the ebb so that the lateral straining term has a similar vertical distribution on flood and ebb. During ebb, the lateral advection of ›S/›z (term E) is generally an order of magnitude lower than the other terms. That is not the case during the flood tide, when term E is of similar magnitude to both along-channel advection and along-channel straining. As discussed in section 3b, the positive values of term E are consistent with the lateral advance of a bottom salinity front across the western shoal during the flood tide.
During the flood tide, the net horizontal terms do not closely match the observed changes in stratification (Fig. 9a) . Over the lower portion of the water column, the observed time rate of change of ›S/›z is generally less than predicted by the sum of the horizontal terms. In contrast, the observed time rate of change of ›S/›z is greater than the horizontal terms in the upper portion of the water column. Although our data are not sufficient to quantify the vertical velocity, the mismatch between the observed changes in stratification and the sum of the horizontal terms is generally consistent with vertical processes. The strong lateral flows that advect stratified water westward across the shoal during the flood tide most likely vertically lift the salinity field (term G). In fact, in the fixed coordinate system used in this analysis, the sloping bottom requires a positive vertical velocity near the bed on flood tide if there is no along-channel divergence in the flow. The observed vertical gradient in ›S/›z combined with a positive vertical velocity would generally decrease ›S/›z near the bed and increase ›S/›z near the surface during flood tide, a pattern that is generally consistent with the observed mismatch depicted in Fig. 9a .
During ebb, there is reasonable agreement between the observed rate of change in stratification and the net horizontal terms in the upper half of the water column (Fig. 9b) . This agreement suggests that vertical advection plays a smaller role during the ebb tide. Simple arguments that invoke the continuity relation would suggest weaker vertical velocities during the ebb, when the lateral circulation is suppressed. During ebb, the greatest divergence between the observed rate of change in stratification and the net horizontal terms is near the bed. Over the lower portion of the water column, the sum of the horizontal terms from Eq. (2) favors the increase in ›S/›z, whereas the observations demonstrate a reduction in stratification. Although this could be the result of vertical advection, this mismatch is consistent with the destruction of ›S/›z via vertical mixing.
e. Tidal variations in turbulent mixing
The anchor station data collected with the MAST provide evidence that turbulent mixing is limited during the flood tide, whereas strong turbulent mixing during the ebb tide contributes to the observed reduction in stratification. During the flood tide, the stratification that develops maintains the gradient Richardson number above its critical value over much of the water column (Fig. 10a) . During the period of peak flood currents, there is a relatively thin (,3 m) near-bed region where values of Ri are below 0.25. Elevated values of dissipation are largely limited to this bottom boundary layer where Ri , 0.25 (Fig. 10b) . As the ebb tide begins, the stratification caps the growth of the bottom boundary layer, limiting intense turbulent mixing to the near-bed region. However, as the ebb progresses, the stratification is significantly reduced and values of Ri are below 0.25 throughout the water column. During this period, elevated dissipation extends nearly to the surface, suggesting a boundary layer that occupies the full water depth.
The reduction in stratification and higher dissipation rates observed during the ebb tide are indicative of intense vertical salt flux over the western shoal region. The data collected with the MAST can be used to estimate the relative importance of turbulent mixing to the observed stratification. In the Hudson River, the vertical gradients in salinity are significantly larger than those due to temperature. As a result, the buoyancy flux B can be approximated as B ; gbhs9w9i, where g is the gravitational constant and b is the haline expansion coefficient (;7. 
At peak flood and ebb currents, average values of « estimated from the MAST in the middle of the water column are approximately 1 3 10 25 and 5 3 10 25 m 2 s 23 , respectively. Assuming that H L ; 3 m and Rf ; 0.15 (Osborn 1980; Oakley 1982; Moum 1996) gives values for the reduction in stratification due to turbulent mixing of approximately 0.3 3 10 24 and 1.5 3 10 24 psu m 21 s
21
for flood and ebb, respectively. During the ebb tide, this would result in approximately a 3-psu reduction in top-tobottom salinity difference over the duration of the tidal cycle, largely consistent with observations. In contrast, the factor of 5 smaller mixing rate during the flood tide is not sufficient to overcome the straining and advection terms, resulting in the observed increase in stratification.
The near-complete reduction of stratification during the ebb tide at the shoal location is not observed over the deeper channel areas, where persistent stratification is maintained throughout the tidal cycle. The lateral transects collected with the MAST were used to calculate the minimum value of Ri that was observed at multiple stations in the estuarine cross section over two complete tidal cycles (Fig. 11) . The values of Ri are superimposed on the minimum value of N 2 that was calculated from the two complete tidal cycles of lateral CTD profiles. At the three westernmost sites, the minimum value of Ri at all locations in the water column fell below 0.25, generally during the ebb tide. In contrast, at the three easternmost sites over the deep channel area, persistent stratification is maintained and there was at least one location within the water column where the value of Ri never was observed to fall below 0.25 over the two complete tidal cycles. At the shoal location where the bottom-mounted ADCP was deployed, the tidally averaged near-bed estuarine velocity was directed down estuary (data not shown). As a result, we infer that the greater mixing during the ebb tide is the result of higher bed stress during ebb at this location. In contrast, the tidally averaged estuarine velocity is flood directed in the deeper parts of the main channel. At these locations the bed stress is greater during the flood tide, with enhanced flood mixing as documented by the dye studies of Chant et al. (2007) and the microstructure observations of Peters and Bokhorst (2000) .
Discussion and implications
The observations presented above document that the tidal variation in stratification along the western shoal of the upper Hudson River are not consistent with the expected variability due to along-channel tidal straining. Along-channel advection (term C), lateral advection (term E), and tidal asymmetries in turbulent mixing (term H) all contribute to the observed deviations from the expected patterns in stratification at this location. It is likely that the relative importance of all three of these processes is amplified at the particular site where these observations were collected. At this location, both the along-and across-channel advection of horizontal gradients ›S/›z contribute to the evolution of stratification. The original derivations of subtidal estuarine dynamics assume that ›S/›x is constant in the vertical (e.g., Hansen and Rattray 1965) . However, Chatwin (1976) points out that this assumption is only valid when
where U r is the velocity associated with the river discharge and A z is the vertical eddy viscosity. This is analogous to saying that vertical gradients in ›S/›x can only be ignored when the ratio of the river velocity to the estuarine residual velocity U E is much smaller than unity. Assuming the Hansen and Rattray (1965) scaling for U E in conjunction with Knudsen's theorem (Proudman 1953) , Eq. (5) can be rearranged to provide simple constraint on when it is appropriate to ignore vertical variations in ›S/›x,
where DS is the top-to-bottom salinity difference and ,S. is the vertically averaged salinity. Clearly, as river discharge and stratification increase, this assumption is not valid. Further, this condition cannot be satisfied near the head of salt, where the residual estuarine velocity approaches zero by definition. The observations presented in this paper were collected during spring tidal conditions and during a period of elevated river discharge. The stronger tidal mixing associated with spring tides tends to reduce U E , and higher river discharge increases U r . Further, the observations were collected well above the central region of the estuary, where the assumption that ›S/›x is constant in the vertical is most valid. All of these factors amplify horizontal gradients in ›S/›x. However, it is important to note that the assumption that ›S/›x is constant in the vertical is not valid for much of the Hudson River under moderate flow conditions (Fig. 7 ) and most estuaries with strong river forcing. As a result, the importance of longitudinal advection on stratification is likely to be important in all estuaries with significant river flow.
It is likely that the role of lateral advection (term E) also is amplified at the western shoal location that is the focal point of this study. Both lateral gradients in ›S/›z and tidal asymmetries in the strength of the transverse circulation are pronounced at this location. This is largely the result of lateral variations in estuarine bathymetry, which favors higher bed stress in the deeper channel areas during flood tides and higher bed stress over the shoals during ebb. The strong mixing during the ebb tide allows boundary-generated turbulence to extend throughout the water column and the vertical stratification is largely erased. In contrast, over the deeper channel regions, persistent stratification is maintained and the boundary layer does not grow to occupy the full water column. This results in a strong lateral gradient in ›S/›z at the end of ebb tide at this location, which is near the general location of a frontal feature that separates the relatively well-mixed water over the shoal from the more stratified water over the channel. The more stratified water adjacent to this location is then laterally advected onto the shoal by the strong lateral circulation that develops during flood tide. The overall importance of this mechanism is enhanced by the strong tidal asymmetry in lateral flow at this location. As seen in Fig. 5 , the strong tidal asymmetry in lateral flow is less pronounced at other locations in the estuarine cross section.
Although the role of lateral advection may be reduced at other locations in the cross section, the strong lateral exchange over the shoal represents an important pathway for the exchange of material between the subpycnocline waters in the channel and the surface. The fact that values of Ri are not observed to fall below 0.25 at mid-water column locations over the deeper channel for two complete tidal cycles suggests that there is little direct turbulent exchange across the pycnocline at this location (Miles 1961; Howard 1961) . However, the combination of vigorous turbulent mixing throughout the water column during the ebb over the western shoal, combined with strong lateral circulation during the flood, provides an alternative pathway for the vertical exchange of materials. Lateral velocities in excess of 10 cm s 21 were consistently observed during flood tides by the moored ADCP. In a narrow estuary such as the Hudson River, these velocities could easily exchange materials between the deep channel and the adjacent shoal during the course of a single flood tide. This lateral advective pathway allows continued exchange between the deep water below the pycnocline and the overlying surface waters, even when persistent stratification prevents direct turbulent mixing through the pycnocline.
To help generalize the relative importance of lateral advection to vertical mixing in other systems, it is useful
